In this paper, we provide a detailed three-dimensional numerical analysis of the optical properties of common and modified bowtie aperture antennas integrated onto a silicon waveguide platform, to discuss the influence of geometrical parameters on the electric field enhancement factor and waveguide transmission when such antennas are excited by the evanescent field of the Si waveguide mode. We demonstrate that waveguide transmission is severely affected by the interference between Si waveguide modes and surface plasmon polariton modes excited in the antenna, while the antenna's field enhancement factor is mainly determined by the localized surface plasmon resonance occurring in its nano-gap. These mechanisms lead to a mismatch between the wavelength at which the antenna's field enhancement factor is maximized, and the wavelength at which transmission through the Si waveguide is minimized, suggesting that in some multi-mode cases, the optical properties of integrated nanoantennas determined through direct measurement of Si waveguide transmission may be misleading. Methods for improving the electric field enhancement (such that it has a bigger modulation depth) that have minimal impact on the resonant wavelength, and for improving the shape and location of the corresponding hot spot of the bowtie aperture antennas, are also discussed and analyzed. We believe that this analysis will be helpful in design of on-chip bowtie-type optical antennas for surface enhanced Raman spectroscopy, near-field optical microscopy, high sensitivity detection, and plasmonic optical tweezers.
Introduction
By enabling the concentration of electromagnetic radiation to sub-wavelength scales to produce extremely strong and highly localized electromagnetic fields (known as "hot spots"), metal nanoparticles and nanostructures have the ability to break the diffraction limit, which has attracted widespread attention from many researchers attempting to explore potential applications of this phenomenon [1] - [3] . This concentration occurs as a result of the strong coupling of electromagnetic radiation to electronic plasma oscillation (plasmon), a property that provides a method for manipulating light at the nanoscale that is only affected by the shape, size, and material of a plasmonic structure, and the surrounding medium [4] . Based on this, one can design nano-optical antennas to meet different specific needs. Recently, a large number of metallic plasmonic concentrators have been proposed, which can in general be classified into two categories. The first category is based on the use of the fundamental surface plasmon polariton (SPP) mode of metal-insulator-metal waveguides [5] - [10] ; by gradually reducing the cross section of a plasmonic waveguide, SPPs at the tapered tip of the waveguide become localized, and the electromagnetic energy is highly concentrated. The second category refers to metallic nano-optical antennas [11] such as hybrid plasmonic-photonic nanotaper concentrators [12] , elliptical nanoparticles [13] - [15] , bowtie-type antennas [14] , [16] , and spherical nanoparticles [4] , [17] - [19] , which mainly utilize the localized surface plasmon resonance (LSPR) effect. Nano-optical antennas are similar to radio-wave and microwave antennas in that they convert energy from freely propagating radiation into localized energy, and vice versa, according to the reciprocity theorem [11] . Optical antennas exploit the unique properties of metal nanostructures that exhibit strong coupling of electronic plasma to electromagnetic radiation at optical frequencies.
These antennas can direct electromagnetic waves in sub-wavelength-scale devices, for applications such as near-field optical microscopy [20] - [23] , surface-enhanced Raman spectroscopy [13] - [17] , [24] , surface enhanced infrared absorption spectroscopy [25] , [26] , and photovoltaics [27] , and devices such as nanoLEDs [28] , [29] .
Bowtie nanoantennas (BAs) [14] , [16] , [30] - [35] and bowtie aperture antennas (BAAs) [36] - [41] are two common examples of widely used optical antennas. BAs consist of two triangular nanoparticles arranged tip-to-tip with a very small gap between them. This is an ideal structure for realizing an enhanced electric field and confining this electric field to a nanometer scale, as significant field enhancement occurs only within the gap. BAAs have a complementary structure to BAs, i.e., an aperture in the shape of a bowtie is defined in a relatively large metal block. In previous works, when studying the optical properties of these two kinds of metal optical antennas, such as field enhancement and transmission, they have usually been placed on a dielectric substrate and excited by a plane wave in free space. Hence, there is not much detailed analysis of the optical properties of different kinds of BAAs excited by silicon waveguide modes. As on-chip integrated photonics has very important applications in different areas [42] - [46] , in the present paper, we analyze the optical properties of common and modified bowtie aperture antennas integrated onto a silicon waveguide platform [47] in the case of excitation by the on-chip integrated silicon waveguide mode. By integrating a bowtie aperture antenna on top of the waveguide, the size of the device can be reduced effectively, and high packaging density and low-cost production can be achieved using standard semiconductor fabrication techniques such as CMOS processes. Many additional functions can also be realized by integrating electronic circuits with these devices [16] . Analysis of the nano-antennas was conducted by means of three-dimensional numerical simulation. Using the evanescent wave excitation of the integrated waveguide platform enables the hot spot generated in the cavity of the antenna by LSPR to be observed. The change in the waveguide's transmission and field enhancement factor are subsequently used to analyze the relationship between the optical and geometric properties of the antenna.
Details of Numerical Simulation
We investigated the properties of the different BAAs using the three-dimensional finite-difference time-domain (FDTD) method [48] . The geometry of the structures under consideration is shown in Fig. 1. Fig. 1 (a) depicts a generalized perspective view of the integrated platform, with the silicon dioxide substrate illustrated in blue, the Si waveguide (2000 nm long, 600 nm wide, and 200 nm thick) in gray, and the bowtie aperture antenna (400 nm wide, 400 nm long, and 30 nm thick) in gold. The geometry of a common BAA is illustrated in Fig. 1(b) . Here, the overall aperture length is given as H 1 , the base length is given as L 1 , and the area of the central rectangular aperture is a × b. Fig. 1 (c) shows a bowtie aperture antenna modified to include an additional rectangular cavity (known as a BAAR) of length L 3 in the vertical direction (along the X axis) while 1(d) depicts a cross-bowtie aperture antenna (CBAA). In these simulations, the structures were surrounded by air, while the central wavelength of the excitation radiation was selected to be 1550 nm in free space. At this wavelength, the refractive index of silica is 1.44, the refractive index of silicon is 3.48 [49] , and the complex refractive index of gold is 0.56 + i9.81 [50] . To describe the interaction of metals with electromagnetic radiation, we selected the Drude model, and applied open boundary conditions along all computational axes. The grid step size was set to 0.5 nm, to ensure the results of simulation were accurate. Finally, the quasi-TE 0 mode was excited from the left face of the Si waveguide, such that the direction of propagation direction of the modes in each figure of the paper is from left to right.
Results and Discussion

Common Bowtie Aperture Antenna (BAA)
The BAA structure shown in Fig. 1(b) can be considered to be the sum of three cavities: two trapezoidal cavities (truncated triangles) to the left and right of a central rectangular cavity. Considering this structure, we assume that the following processes can be stimulated by the Si waveguide: 1) excitation of localized surface plasmons (LSPs) at the metallic apexes of the central rectangular cavity, 2) excitation of four LSPs at the outer edges of the nanoantenna, 3) excitation of SPP modes along the inner edges of the nanoantenna, and 4) excitation of the quasi-TM 0 mode in the Si waveguide at the location of the nanoantenna, as in this case, the nanoantenna serves as an inhomogeneity, and the 600 nm × 200 nm Si waveguide supports quasi-TM 0 mode propagation [47] in the nanoantenna area. Hence, the Si waveguide is thus no longer a single mode waveguide. Fig. 2 depicts the dependence of the waveguide's overall transmission on (a) the base length (L 1 ) and (b) the overall length (H 1 ) of the bowtie aperture. In this image, the black line is the transmission curve when there is no BAA. We note that when the BAA is placed on top of the Si waveguide, the transmission is reduced over the entire bandwidth, a drop that can be attributed to increased dissipative losses in the metal. In addition, a distinct nonlinear, asymmetrical dip in transmission between 1100 and 1600 nm can be observed ( Fig. 2(a) ), which can be attributed to interference in quasi-TE 0 mode propagation due to reflections from both sides of the antenna (see Fig. 11 (a) for illustration of the fringes in the antenna area).
The inclusion of the BAAs makes the transmission spectra more complex (with secondary dips in transmission being noted) due to the additional excitation of the four LSPs at the outer edges of the BAA, which are illustrated in Fig. 3(a) . Moreover, the Si waveguide mode excites LSPs in the central rectangular cavity of the BAA, as can be seen in Fig. 3(b) . The wavelength corresponding to minimum transmission is highly sensitive to changes in the size of the cavity. As L 1 increases, the transmission spectrum is blue-shifted. We note that when this parameter is varied between 20 and 60 nm, there is no noticeable change in transmission, and the blue shift in the position of the dip in transmission is relatively large. When L 1 is larger than 80 nm, the transmission is increased by 0.1, while the spectrum is gradually blue-shifted. Hence, varying L 1 primarily influences the wavelength at which transmission is minimized, with little effect on its modulation depth. Fig. 2 (b) shows the effect of H 1 on waveguide transmission. In contrast to L 1 , the transmission spectrum is red-shifted when H 1 is increased. In addition, the transmission is significantly reduced. This effect can be explained by increasing waveguide inhomogeneities that result in the red shift of interference fringes. When H 1 is 400 nm, transmission at 1428 nm is only 15.5%.
As described above, when a bowtie aperture antenna is placed on top of a silicon waveguide, the transmitted wave excites LSPs at the interface of the antenna and the waveguide, forming a distinct local hot spot in the central rectangular cavity where large electric field enhancement is achieved. To characterize the field enhancement capability of the bowtie-type antennas we defined a field enhancement (FE) factor as follows:
where |E m | is the field strength at the apex of the central rectangular cavity of the bowtie aperture, and |E 0 | is the field strength in the same position without the aperture antenna. Fig. 4 shows the dependence of FE on H 1 and L 1 . We note that, counterintuitively, as L 1 increases, the main peak of the field enhancement coefficient curve gradually shifts red, in a trend opposing the relationship of the transmission spectra to L 1 (Fig. 2(a) ). A similar phenomenon is also seen in the dependence of FE on H 1 -when H 1 increases, the main peak of the field enhancement coefficient curve shifts blue ( Fig. 2(b) ), contrary to the red-shift of the transmission spectra. Moreover, in our case, the wavelength of the FE maximum does not correspond to the wavelength of the transmission minimum for the same nanoantenna sizes. For example, for a BAA with H 1 = 300 nm, L 1 = 180 nm, and a = b = 20 nm, the maximum FE wavelength is at ∼1550 nm ( Fig. 4(b) , green curve), while the minimum transmission wavelength is at ∼1320 nm ( Fig. 2(b) , purple curve). This is different from previously observed dependencies [40] , where transmission and FE have the same qualitative relationship with antenna parameters. We suggest that this behavior can be explained by the fact that the FE spectra are predominantly determined by LSPs excited at the central rectangular cavity. A metallic protrusion and cavity can be simplistically described by a series LC circuit, with the metal protrusions representing the inductor (L) and the gap representing the capacitor (C). For such a circuit, the resonant frequency is proportional to √ (LC) −1 , and consequently, the resonant wavelength is proportional to √ (LC). The inductance increases when either the length of L 1 increases or H 1 decreases, and C increases when either the size of a increases or b decreases (see Fig. 1(b) ). The FE spectra in Fig. 4 demonstrate the behavior described by the LC-resonator: the resonant wavelength is red-shifted when L 1 is increased ( Fig. 4(a) ) or when H 1 is decreased ( Fig. 4(b) ). Finally, additional peaks can clearly be seen with all the FE curves, which can be attributed to excitation of some higher modes in the cavity. Here, we note that the resonant wavelength is red-shifted when a is increased ( Fig. 5(a) ), or b is decreased ( Fig. 5(b) ). Hence, while the behaviors in this image can also be explained using the LC-resonator model, this is not the case for the transmission spectra shown in Fig. 2 , indicating that direct optical transmission measurements for characterization of waveguide behavior may be misleading in some cases. As the spectra of dissipative losses, measured as the difference in energy flow through Si waveguide before and after the BAA, are not affected by interference, they should therefore coincide with FE spectra, i.e., the wavelength of the maximum dissipative losses must be equal to the wavelength of maximum field enhancement. To verify this, we calculated the dissipative loss spectrum of a BAA with H 1 = 300 nm, L 1 = 180 nm, and a = b = 20 nm (see Fig. 6 ). From Fig. 6 it is clear that the wavelength of the maximum dissipative losses coincides with the wavelength of the maximum field enhancement ( Fig. 4(b) , green curve), proving our assumptions.
Next, we analyzed the electric field enhancement capability of the BAA at an excitation of 1550 nm separately, and compared the electric field distribution at this wavelength to the distribution at 1363 nm (see Fig. 3 ). Although at 1550 nm SPPs are excited at the oblique sides of the left and right triangular cavities, most of the light is confined in the central rectangular cavity. At this time, the electric field strength at the four outer vertices of the antenna is much smaller than the field strength obtained with excitation at 1363 nm, as can easily be observed from Fig. 3. Fig. 7 shows the electric field distribution in the BAA at 1550 nm with L 1 and H 1 varied, while other parameters remain unchanged. We note that when L 1 and H 1 are increased within a certain range, the hot spot begins to shift from the right triangle to the central rectangular cavity, where it is gradually concentrated (i.e., the field concentration capability improves). Since the maximum electric field strength occurs at the right apex of the center rectangle, we set the measuring probe at this point. Fig. 8 illustrates the dependence of the field enhancement factor on L 1 and H 1 at an excitation of 1550 nm. The maximum field enhancement coefficient appears at L 1 = 180 nm and H 1 = 300 nm.
Since the side lengths of the central rectangular cavity (a and b) are small, we surmise that they do not substantially affect the waveguide's overall transmission. Hence, our analysis only concerns the effect of the size of these parameters on the field enhancement factor in the central rectangular cavity. Fig. 9 shows the electric field distribution at the Y = 230 nm cross section of a BAA with H 1 = 300 nm and L 1 = 180 nm, excited at 1550 nm, with (a) b fixed at 20 nm and a varied, and (b) a fixed at 4 nm and b varied. From Fig. 9(a) , we note that the hot spot in the cavity does not change significantly as the size of a is reduced. Conversely, from Fig. 9(b) , the hot spot in the rectangular cavity is significantly enhanced as b is decreased from 20 to 4 nm.
Curves of the variation in the field enhancement factor corresponding to Fig. 9 are illustrated in Fig. 10 , for simpler visualization of the previously identified trend. The curve in Fig. 10(a) is almost a straight line, highlighting the limited effect of varying the size of a; FE only fluctuates between 110 and 120 when it is modified. In contrast, Fig. 10(b) depicts the relatively large effect b has on FE, as when it was reduced from 20 nm to 4 nm, the field enhancement factor increased from 110 to 160. Fig. 11 depicts the electric field distributions of the (a) YZ, (b) XZ, and (c) XY cross-sections of the BAA, and the electric field strength along (d) the Y axis at X = 0 and Z = 1000 nm, (e) the Z axis at X = 0 and Y = 200 nm, and (f) the X axis at Y = 200 nm and Z = 1000 nm. In these images, L 1 = 180 nm, H 1 = 300 nm, a = b = 4 nm, and λ = 1550 nm. Here, X = 0 corresponds to the plane of symmetry that divides the whole structure into two equal parts, Y = 0 corresponds to the bottom surface of the Si waveguide, and Z = 0 corresponds to the start of the Si waveguide (i.e., where quasi-TE 0 mode excitation is launched). Fig. 11(a-c) clearly depicts the field enhancement effect, as illustrated by the appearance of a localized hot spot in the middle of the cavity. Fig. 11(d) shows that at Y = 180 nm (20 nm from the upper surface of the Si waveguide), the field strength begins to rise sharply, and reaches a maximum at Y = 200 nm, at the interface between the Si waveguide and the metal antenna. Inside the antenna, the electric field drops relatively slowly compared to its descent after Y = 230 nm (i.e., beyond the top of the metal). Fig. 11 (e) highlights that the field strength along the Z axis at 1000-1200 nm is slightly higher than the field strength at 800-1000 nm. This is consistent with the corresponding electric field distribution ( Fig. 11(b) ), which depicts that the electric field strength in the right-sided triangular cavity is stronger than that in the left-sided cavity. There is a symmetrical dip in enhancement factor between −2 nm and 2 nm along the X axis because the surface plasmons concentrate on the metal surfaces and attenuate at a very fast rate. Hence, the field strength is attenuated by a half in a 2-nm range. Moreover, the propagation of some higher modes in the Si waveguide can clearly be seen in Fig. 11(c) , proving our previous assumption that the Si waveguide is no longer a single-mode waveguide in the nanoantenna area.
Effect of BAAR on Waveguide Transmission and Field Enhancement Factor
Next, we introduced an additional rectangular cavity in the middle of the BAA (see Fig. 1(c) ), to explore the effect of the length of this cavity (L 3 ) on waveguide transmission and the field enhancement factor. The effect of this modification on both these parameters is depicted in Fig. 12 . Fig. 12(a) shows that the additional rectangular cavity does not significantly affect the waveguide's transmission, as this parameter is only slightly increased in the 1200-1400 nm wavelength range as L 3 increases. Fig. 12(b) shows that while the resonant wavelengths for the field enhancement coefficient curves are all located at 1737 nm (i.e., no red or blue shifts to the spectrum), the enhancement achieved is substantial compared to those obtained using BAAs without an additional rectangular cavity. When L 3 is 80 nm, the FE is 950 at an excitation of 1737 nm, which is an almost 4-fold increase compared to the value obtained using a BAA without an additional cavity (250) at the same wavelength of excitation. Conversely, it can be seen from Fig. 13 that, for a wavelength of 1550 nm and L 3 = 60 nm, a maximum FE of 550 is obtained (the blue dotted line in this image refers to the field enhancement factor obtained when the BAA has no additional cavity). Hence, the additional vertical resonator significantly affects the modulation depth without influencing the resonant wavelength. Since the additional slit is directed along the line of current (i.e., in the direction from top-bottom), it has almost no influence on apex-gap resonance. The maximum increase in field enhancement occurs at a wavelength corresponding to the half wavelength of the metal gap mode.
We also observed a noteworthy asymmetry in electric field enhancement, as can be seen in Fig. 14. With L 3 equal to 60 nm at an excitation of 1550 nm, the field strength at the right edge of the rectangular cavity is significantly larger than the field strength at the left side; in contrast, when L 3 is equal to 80 nm, the maximum field strength is located at the left side of the rectangular cavity. This effect can be explained by the fact that the resonance mode of the slit is related to electric field propagation within the gap. Using arguments of system symmetry, a conducting wall can be placed in the central plane of the gap, for the purposes of analysis. Hence, it can be noted that the electric field propagating from the slit travels in different directions in the left and right part of gap, as illustrated in Fig. 15 . However, in addition to the electric field emanating from the slit, there is also an electric field component in the gap resulting from its resonant LC response, which propagates in the same direction in both parts of the gap. Thus, a vector sum of these field components yields a decrease in total field strength in one part of the gap, and an increase in the other, depending on the phase between the electric fields. The phase shift of individual electric field components (e.g., the gap and the slit) relative to the incident field depends on the proximity of the excitation to the resonance frequencies of both cavities. A phase shift of π/2 gives an electric field amplitude that is the same on both sides of the gap. Fig. 16 shows the distribution of electric field intensity along (a) the Z axis at X = 0 and Y = 200 nm, (b) the X axis at Z = 998 nm and Y = 200 nm, and (c) Y axis at X = 0 and Z = 998 nm. In this image, the black line represents the distribution in the BAA antenna, the red line is the distribution in the BAAR when L 3 = 80 nm, and the blue line represents the distribution in the BAAR when L 3 = 60 nm. It can be clearly observed that the field strength in the BAAR is much larger than the field strength in the BAA, especially in the line along the X axis. Fig. 16 (a) also verifies the change in the position of the maximum field strength (previously noted in Fig. 14) , moving from Z = 1002 nm to Z = 998 nm when L 3 changes from 60 to 80 nm. 
Effect of CBAA on Waveguide Transmission and Field Enhancement Factor
In this section, we discuss the optical properties of cross-bowtie aperture antennas, i.e., BAAs with additional bowtie apertures included in the vertical direction ( Fig. 1(d) ), focusing primarily on the effect of the size of the additional cavity on waveguide transmission and the variation of the field enhancement factor at an excitation of 1550 nm. Asymmetric CBAAs (L 1 ࣔ L 2 , H 1 ࣔ H 2 ) are Fig. 18(a) , it can be seen that increasing H 2 only affects changes in the transmission curve in the 1100 nm to 1500 nm wavelength range. In addition to this, the dip in transmission at the plasmon resonant wavelength gradually disappears. We note from Fig. 18(b) that, in general, changes to L 2 only cause small fluctuations in the amplitudes of the transmission curve. However, when L 2 is greater than 120 nm, a dip in transmission can be observed between 1700 and 1800 nm. Fig. 19 shows the dependence of the FE on (a) H 2 with L 2 fixed at 40 nm, and (b) L 2 with H 2 fixed at 300 nm. From this image, we note that the maximum FE of ∼475 is obtained at H 2 = 160 nm, after which this value gradually decreases. Conversely, FE gradually decreases as L 2 increases. Fig. 20 depicts the electric field distribution of a series of SCBAAs with varying values of L with H fixed at 300 nm, and varying values of H with L fixed at 100 nm. Fig. 20(a) shows that although the shape of the central hotspot is practically unaffected by changes to L, when L is small, (e.g., L = 40 nm), there are relatively intense SPPs in the cavity that gradually disappear as L increases. However, when H changes, the shape of the central hot spot changes significantly. When H = 160 nm, the central hot spot is circular. This gradually changes to a more cross-like structure as H increases. When H = 300 nm, we note that a greater area of the hot spot occupies the left half than the right half of the cavity. Fig. 21 illustrates the effect of both these parameters on enhancement factor. We observed the maximum field enhancement (∼310) when H = 300 nm and L = 100 nm. 
Symmetric Cross-bowtie Aperture Antenna (SCBAA):
Conclusion
In this paper, the optical properties of common and modified bowtie aperture antennas integrated onto a silicon waveguide platform were studied in depth by means of three-dimensional numerical simulation. We demonstrated that the transmission of Si waveguides is severely affected by the interference between Si waveguide modes and surface plasmon polaritons modes excited in the antenna, while the FE of the antenna are mainly determined by the localized surface plasmon resonance in the antenna nano-gap. This leads to a mismatch between the wavelength of the antenna's maximum FE and the wavelength of the Si waveguide's minimum transmission, indicating that in some multimode cases, determining the optical properties of an integrated nanoantenna through direct measurement of waveguide transmission may be misleading. The results of our numerical simulations showed that the local surface plasmon resonance wavelength and the area and shape of the corresponding hot spot can be effectively adjusted by changing the size parameters of the BAA. We also found that modifying BAAs by adding either a rectangular or bowtie cavity in the direction perpendicular to Si mode propagation enabled a significant increase in electric field enhancement (from 250 to 950), with a bigger modulation depth and minor impact on the resonant wavelength. It is also worth to note that with the currently available fabrication nanotechnologies, production of considered BAAs with characteristic size of sub-20 nm [51] can be implemented. We believe this analysis will be helpful in the design of on-chip bowtie-type optical antennas for surface enhanced Raman spectroscopy, near-field optical microscopy, high sensitivity sensing, and plasmonic optical tweezers.
